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Abstract
Through a collaborative research effort between the University of Illinois and CU Aerospace through a small
business innovation research (SBIR) program, a novel flow control device known as the Cyclotronic Arc-
Plasma Actuator (CAPA) actuator is being developed. This actuator uses a series of magnets and electrodes
to produces a sweeping plasma arc that can induce a swirling component on a flow. One potential application
of this technology is for active flow control, as this technology can potentially be used to delay separation on
an airfoil and increase the effectiveness of a control surface. These actuators can be used in a role similar to
vortex generators, though with the additional ability of being enabled or disabled for flight regimes such as
takeoff and landing. As disabling these actuators during cruise can reduce or eliminate drag penalties, these
devices could be used as alternatives to passive vortex generators, which cannot be disabled in flight. This
thesis details the work taken to develop an unmanned aerial vehicle (UAV) that will be used as technology
demonstrator for the CAPA actuators developed for the SBIR. As part of the integration effort, this thesis
will also cover the steps needed to integrate the CAPA system inside a UAV and to evaluate the performance
of the system through flight testing.
ii
Acknowledgments
I would like to thank Professor Phillip J Ansell for his help and guidance as my thesis advisor. I would also like
to thank the past and present members of the Aerodynamics and Unsteady Flows Research Group for their
support. Additionally I would like personally thank Armando Collazo for operating as the part-107 liaison
for flight testing, Or Dantsker and David Payne for piloting the aircraft for the project, and Aaron Perry
for assisting with development of the data acquisition system. I would also like to acknowledge the support
given by CU-Aerospace on this project, specifically Dr. Joseph Zimmerman. Additional acknowledgment
goes to the Monticello Model Masters RC Club for allowing the use of Eli Field. Finally, I would like to
thank my friends and family for their unconditional support.
iii
Table of Contents
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 CAPA System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Chapter 2 Baseline Vehicle Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1 Aircraft Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Baseline Model Construction and Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.1 Fuselage, Wing and Tail Build-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Propulsion and Power System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.3 Radio System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Chapter 3 Cyclotron Testbed Design and Setup . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1 CAPA Wing Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.1 CAPA Wing Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.2 CAPA Internal Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.1.3 AVL Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Wing Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 CAPA Wing Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 CAPA Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 CAPA Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5.1 Radio Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5.2 CAPA System Breakdown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.3 CAPA System Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Chapter 4 Flight Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.1 Flight Test Authorization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Baseline Flight Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3 CAPA Flight Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Chapter 5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Appendix A Summary of Part 107 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Appendix B Flight Mishap Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
iv
List of Tables
2.1 Hangar 9 Cirrus SR22T Baseline Testbed physical specifications [37] . . . . . . . . . . . . . . 13
2.2 Predicted Motor Performance at 56% Throttle . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Baseline radio mapping with power distribution board . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Baseline Servo Throws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5 Cirrus SR22T Component specification baseline . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1 Geometry of baseline Cirrus SR22T wings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Geometry of CAPA wings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Surface locations relative to wing leading edge . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Aircraft stability derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5 CAPA radio mapping with power distribution board . . . . . . . . . . . . . . . . . . . . . . . 40
3.6 Weight Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.7 CAPA Servo Throws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.8 CAPA Battery Pack data [60] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.9 Weight breakdown of CAPA system and Testbed . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.10 Aircraft CG positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1 Flight test maneuvers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
v
List of Figures
1.1 Vortex generators on the wing of a Beech Bonanza [5] . . . . . . . . . . . . . . . . . . . . . 2
1.2 Cessna 170 with boundary layer suction system[11] . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Plumbing system for blown flaps on Grumman F9F-4 [15] . . . . . . . . . . . . . . . . . . . 4
1.4 Dielectric barrier schematic [22] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 CAPA Actuator [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Actuator [1] : (a) smoke visualization, (b) top view . . . . . . . . . . . . . . . . . . . . . . . 7
1.7 CAPA wing installation concept [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.8 Actuators: (a) C1G Schematics[1], (b) C2G Schematics[36] (a) C1G actuator, (b) C2G
actuator [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.9 C1G and C2G actuator circuit components [36] . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.10 C2G actuator rates vs voltage for various coaxial gaps [36]: (a) Sweep rate, (b) Arc tip speed 10
1.11 Power requirements for actuator [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 Hangar 9 Cirrus SR22T [37]: (a) Top view, (b) Side view . . . . . . . . . . . . . . . . . . . . 14
2.2 Hacker A60-7XS Motor [42] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Hacker A60-7XS Motor Performance Prediction[41] . . . . . . . . . . . . . . . . . . . . . . . 17
2.4 Motor standoffs and ESC mount installed on firewall . . . . . . . . . . . . . . . . . . . . . . 19
2.5 EMOCTEC Safety switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.6 Flow chart of motor system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.7 Futaba 14SG Radio [47] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1 Baseline wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Baseline and CAPA wing comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Top view of CAPA wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4 Isometric view of CAPA wing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.5 Front view of rib layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 D-box leading edge spar structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7 Internal layout of wing top view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.8 AVL geometry: (a) Baseline wing , (b) CAPA wing . . . . . . . . . . . . . . . . . . . . . . . 30
3.9 AVL lift curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.10 AVL pitching characteristics: (a) pitching moment curves (b) elevator trim points . . . . . . 31
3.11 AVL side force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.12 AVL rolling characteristics: (a) rolling moment curves (b) aileron trim points . . . . . . . . 33
3.13 AVL yawing characteristics: (a) yaw moment curves (b) rudder trim points . . . . . . . . . 33
3.14 Layout of ribs and internal structure: (a) Ribs with alignment jig, (b) Glued and assembled
structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.15 Internal structure of control surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.16 Balsa sheeting: (a) Sand bags, (b) Completed sheeting . . . . . . . . . . . . . . . . . . . . . 36
3.17 Fiberglass sheeting: (a) Wings, (b) Control surfaces . . . . . . . . . . . . . . . . . . . . . . . 37
3.18 Primer filler coating: (a) Wing, (b) Control surfaces . . . . . . . . . . . . . . . . . . . . . . 38
3.19 Servo setup: (a) Slot milling, (b) Control horn installation . . . . . . . . . . . . . . . . . . . 38
vi
3.20 Wing tip fairings: (a) left wing, (b) right wing . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.21 CAPA wing installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.22 Measurement of control surface throws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.23 Data acquisition system: (a) . Raspberry Pi 3 Model B with Navio2 Hat, (b) Arduino Uno
with 16 ADC bit data shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.24 All Sensors 20-CMH20 pressure transducer schematics[59] . . . . . . . . . . . . . . . . . . . 43
3.25 Infrared proximity sensor: (a) calibration curves[60] (b) mounting location . . . . . . . . . . 43
3.26 Avionics system block diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.27 Benchmark servo test: (a) Servo wire placed under the actuator, (b) Radio receiver placed
next to transformer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.28 Transmitter range test with actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.29 UAV CAPA System Layout [60] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.30 CAPA testbed layout 1: (a) Top view, (b) Internal view . . . . . . . . . . . . . . . . . . . . 50
3.31 Wiring schematic of testbed layout 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.32 CAPA testbed layout 2a: (a) Top view, (b) Internal view . . . . . . . . . . . . . . . . . . . . 52
3.33 CAPA testbed layout 2b: (a) Top view, (b) Internal view . . . . . . . . . . . . . . . . . . . . 54
3.34 Wiring schematic of testbed layout 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.1 Baseline Cirrus SR22T ground roll and takeoff . . . . . . . . . . . . . . . . . . . . . . . . . . 57




ba = aileron span
bf = flap span
c = chord
cf = flap chord
Clβ = roll moment stability derivative
CLα = lift curve slope
CMα = pitching moment stability derivative
CNβ = yawing moment stability derivative
cr = root chord
ct = tip chord
CY β = side force slope
i = incidence angle
L = aircraft length
S = wing area
W = weight
W/S = wing loading
α = angle of attack




AC = alternating current
ADC = analog to digital converter
AGL = above ground level
AMA = Academy of Model Aeronautics
AR = aspect ratio
ARF = almost ready to fly
AV L = Athena Vortex Lattice
C1G = Coaxial Arc Magnet Arrangement: Type 1
C2G = Coaxial Arc Magnet Arrangement: Type 2
CA = Cyanoacrylate
CAD = computer aided design
CG = center of gravity
CAPA = cyclotronic arc-plasma actuator
COTS = commercial off the shelf
DBD = dielectric barrier discharge
DAQ = data acquisition
DC = direct current
EKF = extended Kalman filters
ESC = electronic speed controller
FAA = Federal Aviation Administration
GA = general aviation
GPS = global positioning system
GNSS = global navigation satellite system
IMU = inertial measurement unit
Li− Po = lithium polymer
ix
MAC = mean aerodynamic chord
PWM = pulse width modulation
SBIR = small business innovation research
ssh = secure shell
sftp = secure shell file transfer protocol
sUAS = small unmanned aerial system
UAS = unmanned aerial system
UAV = unmanned aerial vehicle




The cyclotronic arc-plasma actuator (CAPA) is an innovative active flow control device currently being
developed by CU Aerospace in collaboration with the University of Illinois at Urbana-Champaign as part
of a small business innovation research program (SBIR) supported by NASA. These actuators produce a
plasma arc that can perturb the flow acting upon it, which can prevent boundary separation while being
mechanically simple. Wind tunnel experiments on these actuators showed improvement in the pressure
recovery characteristics of a diffusing ramp model when the actuators were powered on [1]. As additional wind
tunnel testing is conducted on the actuators [2], an additional demonstration of the actuator functionalities
is performed in parallel on a small Unmanned Aerial System (sUAS). Integrating the actuators on a sUAS
differs from a wind tunnel model as additional weight and geometric constraints are introduced, requiring
modifications to the circuitry and geometry of the actuators. This thesis will discuss the steps that have
been taken to integrate the actuators into a sUAS and the flight test campaign that will be conducted with
the actuators for the proof of concept.
1.1 Literature Review
Flow control is the process of controlling and altering flow acting over a surface, such as a wing, using a
passive or active actuation. Applications of these flow control devices include their use as control effectors
for maneuvering aircraft, increasing the capabilities of high-lift systems, delaying boundary layer separation
on control surfaces, and increasing the actuation authority of these devices so that higher deflections angles
can be used. The application of flow control has been a topic of interest since the early days of aviation [3], as
the development of control surfaces, such as elevators and the rudder allowed engineers to trim out pitching
moments and control aircraft adverse yaw [4].
Control surfaces are typically used to change the camber of a surface, allowing the user to adjust the
amount of force acting on a surface and allowing them to control an aircraft. High lift systems such as flaps
are a type of control surface that allows the user to increase the total lift produced by a wing planform which
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can decrease the flight speeds required for takeoff and landing. Though control surfaces are effective, the
control authority can be limited by aerodynamic effects such as flow separation. To increase the effectiveness
of the control surfaces, engineers have developed and are currently researching new methods to increase the
actuation authority of these surfaces through the integration of active and passive flow control devices.
Passive flow control techniques are commonly used in the aerospace industry as they are simple to
implement and to maintain. Examples of passive flow control devices include stall strips, vortilons, and
vortex generators[4], the later of which is shown in figure 1.1. These devices are typically applied on aircraft
wings and tails to delay sectional stall and increase control surface authority [5, 6]. Vortex generators
function by mixing high speed air from the free stream with the boundary layer, which adds more energy
into the boundary layer of a wing surface making it less prone to separation. The overall effectiveness of
vortex generators is dependent upon factors such as chord placement, horizontal spacing, device height, and
the amount of span covered, where experimental results showed an increase in CLmax for all configurations
tested [7]. Though vortex generators are an effective means of flow control and still see active use in the
aerospace industry for military, commercial, and general aviation, they are coupled with drag penalties.
Wind tunnel tests on airfoil showed that the addition of vortex generators adds drag [8], which can be
significant as these devices are not typically needed for a cruising configuration, resulting in significant
performance losses.
Figure 1.1: Vortex generators on the wing of a Beech Bonanza [5]
As passive flow control can only be utilized optimally for a small number of flight regimes, such as
takeoff and landing, there is an increasing interest in developing active flow control technologies. Active flow
control devices differ from passive flow control methods, as this technology can reduce drag penalties and
be optimized for various flight regimes due to the fact they can be adjusted and be disabled in flight. These
systems typically require more integration steps than passive devices, as they require power to run and need
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to be controlled by an operator or automation. The classification of active flow control actuators can be
broken down into three distinct categories consisting of fluidic, moving surface, and plasma [9]. Among these
categories some of the more commonly used active flow control techniques include boundary layer control,
blown, unsteady actuation, and plasma flow control [4].
Boundary layer control has been a topic of research since the days of Prandtl [10], who developed theory
and demonstrated how suction flow control can be used to remove the boundary layer on the wall of a
diffuser and to reduce flow separation on a cylinder. This concept was expanded upon by the NACA, which
researched the applications of suction on the leading edge of airfoil to control the formation of laminar
separation bubbles [11]. A technology demonstration of this suction flow control was conducted by the
NACA using the wings of a Cessna 190 shown in figure 1.2, which showed that the maximum lift coefficient
of the wing planform can be increased [12]. Though the study showed that a suction flow control system can
be safely integrated on an aircraft, it also demonstrated impractical aspects of using suction flow control.
These impracticalities included the mechanical complexity of the system, increase in weight, and lack of
robustness for environmental conditions such as rain [12]. Further studies conducted on the Northrop X-21
demonstrated, that, despite the overall effectiveness of suction flow control in drag reduction, it was deemed
impractical in application because of the maintenance required [13].
Figure 1.2: Cessna 170 with boundary layer suction system[11]
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A blown flow control system utilizes air jets to blow air onto a flap surface, which injects energy into
the boundary layer to delay separation and increase maximum lift capabilities of a system. The technology
for this blown flap configuration first came into prominence in the 1920s when Baumann patented the use
of air jets emanating from slots on a wing [14]. This configuration was investigated by NACA researchers
in 1929, analyzing the effects of the jet slot widths, locations, and the overall effect of the system on lift.
These studies demonstrated that for two-dimensional airfoil with the blown jet system experienced a 151%
increase in L/D [11]. As high-speed and supersonic aircraft were developed following World War II, aircraft
designs incorporated higher wing loadings and smaller planforms, resulting in higher approach and landing
speeds. As these aircraft needed to have the capability to takeoff and land on carrier ships, where the runway
length is short, a high approach and landing speed would limit their application. This issue was amended
by integrating the blown flap system, which used a piping system to take bleed from the engines and use
it to supply air jets on the flap system. This system was integrated into a variety of aircraft such as the
Blackburn B-103 Buccaneer, Lockheed F-104 Starfighter, and BAC TSR-2 [15, 16]. Though a blown flow
control system requires additional weight and adds complexity to a design, the lift increment can justify the
tradeoffs.
Figure 1.3: Plumbing system for blown flaps on Grumman F9F-4 [15]
Unsteady actuation can be used to modify a boundary layer by applying “low-energy” actuation, which
can be used to change a flow behavior by manipulating flow instabilities [4]. This approach can be accom-
plished through the usage of an unsteady excitation to the flow produced by a sweeping jet or a fluidic
oscillator. This system is easier to integrate and maintain than a blown flap system, as the lower power
requirements decreases the mechanical complexity of the system [3]. Studies show that this technology can
be effective in military applications such as delta and low aspect ratio wing planforms used for fighter air-
craft [17, 18]. The system was also shown to be effective for commercial applications, as these systems can
increase control surface authority, allowing designers to decrease the size of a lifting surfaces and reduce par-
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asitic drag. The Boeing company conducted a technology demonstration of fluidic oscillators by integrating
them into a Boeing-757 vertical tail, increasing the effectiveness of the rudder [19, 20]. Unsteady actuation
has also been shown to be simple enough to integrate on an sUAS [21], demonstrating how versatile the
system can be. Though these unsteady actuation systems require less power than a blown flap system, they
will still add additional weight and complexity to a design [18]. As the technology goes through further
development, one of the goals of these studies such as the demonstrations conducted by Whalen et al [19],
is to determine the overall feasibly of this technology.
Plasma flow control utilizes uses a large voltage potential between a pair of electrodes to ionize the
local gas region and actuate local regions of flow and control boundary layers [22]. Significant research
has been placed into the development of dielectric barrier discharge (DBD) actuators, which consists of an
arrangement of electrodes separated by a dielectric layer to produce plasma as shown in figure 1.4. The
plasma and the magnetic/electric fields produced DBDs can be used to used manipulate boundary layers
and control separation on an airfoil in a fashion similar to vortex generators and fluidic oscillators [23]. One
of the advantages of a DBD system towards flow control includes it being surface-mounted, which means
that a large internal volume is not required to run the system. Another advantage of a DBD actuators is the
simplicity of the system, as it does not require moving parts to function, which can simplify the integration
process. Though plasma flow control can be easily integrated, the actuation authority provided by them
have only been shown to be effective for very low speed flows, limiting their application.
Figure 1.4: Dielectric barrier schematic [22]
Arc filament plasma actuators are another approach to flow control that differs from a DBD actuators as
this system uses a series of plasma pulses to heat up local flow. Heating a flow field using a plasma discharge
can have a significant effect on a fluid, as the discharge can generate shocks that can be used perturb the
flow[24, 25]. These perturbations can be used to control a flow, as the frequency of the discharge can be
adjusted to match the forcing frequency of a fluid and produce a significant effect in a similar manner to
a fluidic oscillator [26]. This method has been shown to be effective for high speed flows as the technology
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has been used to induce mixing for jet flows across speeds as high as M=1.3 [27, 28]. Spark discharge has
recently been shown to be an effective flow control device on an airfoil surface, as the technology can be used
to delay flow separation [29]. Due to the current limitations of plasma flow control, a great deal of research
is conducted to understand physics of these types system and how to effectively utilize them towards active
flow control [30–33]. The CAPA project being developed by CU Aerospace and the University of Illinois is
also part of this research endeavor, where an overview of the system is given in Section 1.2.
1.2 CAPA System Overview
The CAPA system actuator is constructed by embedding a pair of coaxial actuator electrodes within a
Neodymium magnet as shown in figure 1.5. When a high voltage is supplied to the actuator, a plasma
discharge is produced by the circuit and a magnetic field is produced in a direction parallel to the electrode.
As the circuit is powered, the magnet induces a Lorentz force that acts tangentially on the plasma discharge,
causing the arc to rotate in a circular motion as shown in figure 1.6. The arc-induced jet produced by the
CAPA actuator is similar to arc filament plasma actuators and SparkJet [25, 34, 35] approaches as these
methods can be used to perturb a flow. The key difference between the CAPA actuator and the other flow
control techniques discussed in the literature review is the addition of a swirling component added to the
flow, which stems from the Lorentz force and the rotating discharge. This swirl component can potentially
be used to a produce a three-dimensional, streamwise-oriented vortical structure which can be delay flow
separation on a surface. The mixing technique used by the CAPA system is similar to the approach used
with vortex generators as shown in figure 1.7, which have been shown to be effective in for preventing
boundary-layer separation on fixed-wing aircraft [6]. However, unlike vortex generators, the CAPA system
can be enabled on-demand, allowing these actuators to be used during specific flight regimes such as take-off,
climb, approach, and landing, while being disabled during cruise. The flexibility of CAPA system would
allow the user to reduce or eliminate the drag penalty associated with passive vortex generator devices during
high-speed cruise segments.
6
Figure 1.5: CAPA Actuator [1]
(a) (b)
Figure 1.6: Actuator [1] : (a) smoke visualization, (b) top view
Figure 1.7: CAPA wing installation concept [1]
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Three different CAPA system actuators were developed for this program, consisting of the spark plug
actuator [1], Coaxial Arc Magnet Arrangement: Type 1 (C1G), and Coaxial Arc Magnet Arrangement:
Type 2 (C2G) [36], the latter of which will be integrated inside the UAV. The spark plug configuration was a
preliminary design developed for the Phase I portion of the SBIR and it was constructed by using a modified
spark plug as the coaxial element and neodymium ring magnets to provide the required magnetic field. The
C1G is similar to the spark plug actuator design, where the coaxial electrodes are placed within the inner
diameter of a ring magnet separated by dielectric material, producing an arc within the inner diameter of
the magnetic ring. This arc gap in this design is one half the inner diameter, or the difference between the
magnet inner radius and the center electrode radius. C2G differs from the other two actuators where the
center electrode of the coax is placed within the inner diameter of the ring magnet, while the outer electrode
of the coax is placed around the ring magnet. The electrodes of the C2G protrude slightly above the magnet,
which is covered by a dielectric material, allowing an arc to form in the gap above the dielectric surface. The
arc gap in this design is constrained by the width of the magnetic ring, while the magnetic field strength
varies with ring magnet size, dielectric thickness, and the magnet material grade. Schematics of the C1G




Figure 1.8: Actuators: (a) C1G Schematics[1], (b) C2G Schematics[36] (a) C1G actuator, (b) C2G actuator
[36]
Similarly to a DBD circuit, the CAPA circuit does not require any moving components to function which
can simplify the installation of the system on an aircraft. The CAPA circuit can be broken down into 4
major components, consisting of a DC power source, switching system or AC generator, transformer, and
the CAPA actuator as shown in figure 1.9. During the initial development the power source was obtained
from a DC power supply for bench testing. This power source will transition into a set of Lithium-Polymer
(Li-Po) batteries for the UAS integration. The AC current was generated using a dual-MOSFET flyback-
type tank circuit to excite the actuator. This circuit operates using the concept of zero-voltage switching
(ZVS), where the oscillation is controlled by the resonant frequency of the tank circuit formed between the
condenser capacitors and the primary inductor. The transformer is then used to increase the voltage output
of the power supply, which is then used to excite the actuator circuit. The voltage requirement for the
CAPA actuator is dependent upon the desired rotation rate of the plasma arc as shown in figure 1.10. As
additional voltage is applied to the actuator, there is also an increased power consumption for the circuit as
shown in figure 1.11.
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Figure 1.9: C1G and C2G actuator circuit components [36]
(a) (b)
Figure 1.10: C2G actuator rates vs voltage for various coaxial gaps [36]: (a) Sweep rate, (b) Arc tip speed
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This chapter focuses on the development of the baseline Hangar 9 Cirrus SR22T testbed used for the current
flight testing program. The following sections details the selection, construction and modifications required
to develop the aircraft into a research testbed. This details the development of the baseline aircraft that will
be used to develop and build the CAPA testbed, which is detailed in Chapter 3. The testing methodology
and the analysis of flight test data is covered in Chapter 4.
2.1 Aircraft Selection
For this project, an almost-ready-to-fly (ARF) aircraft was used, which was developed into a flying testbed
for integration of the CAPA systems and modified to form the CAPA testbed. The aircraft chosen for this
project is the Hangar 9 Cirrus SR22T [37] shown in Figure 2.1, which is a 22% scale model of the Cirrus
SR22T. As the Cirrus is among one of the most popular general aviation (GA) aircraft in the market [38],
the configuration of the aircraft was an ideal candidate to conduct the technology demonstration on as it
can also be used show how the the CAPA system would be integrated on a full-scale aircraft. The Cirrus
was also chosen as the testbed for this project because of how this aircraft has previously been developed
into a distributed propulsion testbed [39], which will create a uniform selection of UAVs within the group.
In addition to maintaining commonality with the UAV testbeds, the Cirrus was also chosen because it has
sufficient space inside the fuselage for instrumentation and the CAPA system. The airfoil used for the testbed
(S8036) has a maximum thickness of 16% which, given as chord length of 12.25in, results in a thickness of
2in, which provides enough clearance to imbed the C2G actuators and run wiring inside each of the wings.
The components of the Hangar 9 Cirrus consists of a lightweight fiberglass fuselage, foam core horizontal
stabilizers, and a set of balsa and plywood constructed wings. Being a 21% scale model of the Cirrus SR22T,
the model replicates the geometry of the full-scale aircraft, such as the wing planform shape, landing gear
pants and nose spinner. In addition to the fuselage volume providing space for electronics, instrumentation,
and batteries, a sturdy plywood mount had also been integrated inside the fuselage, which provides a surface
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area for mounting these components. This model was also designed to be used with either a gas engine or
electric motor avoiding the need to retrofit a solely gas-powered kit. The aircraft specifications are given in
table 2.1.













Figure 2.1: Hangar 9 Cirrus SR22T [37]: (a) Top view, (b) Side view
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2.2 Baseline Model Construction and Modifications
2.2.1 Fuselage, Wing and Tail Build-up
As an Almost-Ready-to-Fly (ARF) kit, the Hangar 9 Cirrus SR22-T was developed using standard R/C
building techniques and was built using commercial of the shelf (COTS) parts. While the original manual
was followed during the build process, several key areas were modified in accordance with the program
requirements. As the vehicle would likely be heavier than the manufacture specifications, the aircraft servos
needed to support increased aerodynamic loads acting upon them and maintain actuation authority during
flight. The Futaba BLS171 servo was selected to actuate the ailerons, rudder, and flaps, and the Futaba
BLS173 servos were used to actuate the elevators[40]. The BLS171 servos increased torque from 53 oz.-
in provided by the recommended servos to 164 oz.-in, while the BLS173 servos increased torque from 72
oz.-in to 106 oz.-in for the elevator servos. These servos also operated at speed of 0.10 sec/60◦ which is
approximately double the speed of the baseline servos, allowing for faster actuation. An additional benefit
to these servos is that they are digital programmable servos, allowing the user to program them using an
S.bus2 protocol which can simply the setup of a configuration.
The wings of the Cirrus SR22T were attached to the aircraft using a set of screws and alignment pins,
which set the incidence of the wing. This installation was supported by a carbon fiber tube that runs
through the span of the fuselage and wings, acting as a spar. For the horizontal stabilizers, the manufacturer
recommended epoxying the left and right side surfaces to a solid graphite tube. This step was not followed
as it would interfere with potential modifications, such as the addition of sensors and it would prevent the
surface from being replaced if it were damaged. To install the stabs, a hollow carbon fiber tube of the same
diameter as the graphite rod was cut to length and used. A jig was then manufactured to securely hold and
position each stabilizer and the tube, such that a carefully measured through-hole could be drilled through
both pieces accurately for the left and right sides. Next, a small piece of plywood was trimmed to fit inside
of the carbon tube and mount a 4-40 nut along the axis of the drilled hole. This procedure was done on
both sides of the tube and epoxied into place to provide a secure method for fastening each stabilizer to the
tube using a 4-40 screw from the underside of the lifting surface.
The control surfaces were installed using the manufactures specifications, using epoxy hinges to attach
each control surface to of their respective lifting surfaces. All of the provided control surface linkages with
the exception of the nylon control horns were upgraded from the standard stock linkages to heavier duty
equivalents. For the ailerons and elevators, Hangar 9 4-40 titanium push rods and Dubro heavy duty Kwik
link clevises were used to improve the rigidity of the linkage system and provide a secure lock around the
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control arms. For the rudder, the stock-provided pull-pull wire was replaced with nylon-coated Dubro 4-40
wire and was connected to the servo arms.
2.2.2 Propulsion and Power System
The recommended propulsion system of the Cirrus SR22T aircraft consisted of a 18in × 10in propeller,
Power 160 motor, 10S battery LiPO battery, and an 80A electronic speed controller (ESC). As the testbed
may require additional weight beyond the manufacturer recommendations, this system was upgraded for
the research program. The selection of the motor and propeller was conducted using eCalc37 [41], which
is a hobby-grade performance calculation tool that provides a first order prediction of a motor propeller
propulsion system. The list of potential motor and propeller combinations was narrowed down to several
brands such as AXi Model Motors and Hacker Motors and a sizing guideline from the R/C aircraft hobbyist
community was used. This sizing guideline recommended that the propulsion system should be capable of
producing a thrust to weight ratio of at least 0.5, though additional thrust is also recommended so that the
aircraft can pull out of a stall and spin if they occur. Using a preliminary weight of 20lbs for the testbed, the
selection of motor components was conducted through a series of requirements and system level trades, such
that all components formed a feasible configuration. By increasing the propeller diameter, the total thrust
produced can be increased, though this was constrained by the ground clearance on the aircraft and the size
of the motor. Calculations performed using eCalc on multiple motor-propeller combinations showed that
an 18in × 12in propeller should provide enough thrust to the aircraft while satisfying the ground clearance
criteria.
With the propeller chosen, two compatible motors could be used, consisting of the Hacker A60-7XS [42]
and the Hacker A60-14L [43]. From the two motor choices, the Hacker A60-7XS shown in figure 2.2, was
selected because the motor has a Kv rating close to the Power 160, has a wide range operating voltages,
and because of the improved performance over the manufacturer recommended system. The predicted
performance obtained from eCalc for the A60-7XS motor is shown in figure 2.3 and the performance of the
aircraft for a throttle setting of 56% is given in table 2.2. Though the Hacker A60-14L could produce more
thrust than the A60-14XS and is used on the baseline distributed electric propulsion testbed [39], the 14XS
was ultimately chosen for its smaller size and weight.
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Figure 2.2: Hacker A60-7XS Motor [42]
Figure 2.3: Hacker A60-7XS Motor Performance Prediction[41]
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Table 2.2: Predicted Motor Performance at 56% Throttle









Motor Run Time (min) 12.9
The battery system was sized to provide at least 10 minutes of mixed flight time to allow for multiple
maneuvers and landing attempts. To maintain a conservative estimate of the required battery energy
during this initial sizing phase, all flight times were estimated using the maximum current draw of 80A.
As manufacturers do not sell standard battery systems with cell counts of over 5, the battery configuration
required 2 or more packs wired in series to provide the required voltage. Based off of eCalc, the A60-7XS
motor required an 8S battery, which would consist of 2 4S batteries connected together in series to produce
33V. With the cell count determined, the size of the battery was then constrained to the capacity required
(measured in Amp-hours). The calculations from eCalc determined that a minimum battery capacity of
5500 mAh was required to maintain 10 minutes of mixed flight time. To add additional mixed flight time to
the aircraft a battery with a capacity of 6800 mAh was selected for the system, increasing the mixed flight
time from 12 minutes to 18 minutes. With the batteries constrained to an 8S 6800mAh configuration, LiPo
batteries manufactured by ThunderPower [44] were selected. This battery system consists of 2 4S batteries
connected in series with a total capacity of 6800 mAh.
With the motor, propeller and batteries selected, an electronic speed controller (ESC) was also chosen.
A sizing of the ESC was performed to ensure it could provide an adequate safety margin for the maximum
anticipated current draw from the motor of 80 amps and the operating voltage of 33V. Based off hobbyist
recommendations, the Castle Creations Phoenix Edge 120 amps ESC [45] was chosen, which included the
ability to log a wide range of performance parameters during flight such as the voltage levels, mechanical
RPM and current draw. This capability provided an additional method for capturing system diagnostics and
vehicle performance. Additionally this ESC can be used to control a larger motor, such as the A60-14L, if
the A60-7XS does not provide enough thrust for the instrumented aircraft. The ESC was mounted directly
to the underside of the motor standoffs using a plywood mount as shown in figure 2.4. The ESC power and
ground wires along with the 3-pin command wires were routed back into the fuselage by drilling a set of
holes through the fiberglass firewall.
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Figure 2.4: Motor standoffs and ESC mount installed on firewall
As a safety precaution, an EMOCTEC safety power switch [46] was introduced to provide a quick way
to open the circuit from the batteries to the ESC without having to manually disconnect the batteries from
within the fuselage. Connected in series between the ESC and batteries, the switch acts as an easy way to
stop the flow of current and has the added benefit of preventing sparking during battery connection. To
control the on/off switching, a separate magnetic safety switch was mounted externally on top of the fuselage
as shown in figure 2.5. When the cap is inserted, no power is provided to the ESC and the system will only
arm when the cap is removed before flight. A flow chart showing the wiring and system-level layout of the
motor system is given in figure 2.6.
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Castle Creations Phoenix Edge 120A
(ESC)
Figure 2.6: Flow chart of motor system
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2.2.3 Radio System
The aircraft was configured with a Futaba 14SG radio shown in figure 2.7 which is compatible with 2.4Ghz
FASSTest receivers [47] such as the Futaba R7014SB [48]. This radio/receiver setup can support up to 14
channels using an S.BUS serial link, providing enough channels to actuate the servos, motor, and switch on
the CAPA system during the flight test campaign. The receiver and servos were connected to a Smart-Fly
PowerSystem Sport Plus power distribution board [49] to power the servos and regulate the voltage from the
2S LiPo batteries. The power distribution board is also used to organize and map the servos on the aircraft
as shown in table 2.3. Each control surface on the aircraft was then programed to produce the maximum
deflection ranges recommended by the manufacturer given in table 2.4. The motor is programed using a
Castle ESC serial link, which specifies the maximum current draw of the motor and maps it to the PWM
signals sent by the radio. Additionally, the radio is also programed with a safety measure for the motor,
where it will automatically shut off if the receiver disconnects from the radio transmitter. A summary of
the components used on the baseline Cirrus SR22T are given in table 2.5. This setup can be used for flight
testing the baseline aircraft and it csn be adjusted depending upon future project needs. Details regarding
additional modifications made to the aircraft to accommodate the CAPA system are given in Chapter 3.
Figure 2.7: Futaba 14SG Radio [47]
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Table 2.3: Baseline radio mapping with power distribution board
Control Channel Channel Control
Right Elevator F5 E6 Left Elevator
– G4 D8 Rudder
Right Flap H3 C9 Left Flap
Right Aileron I2 B9 Left Aileron
Landing Gear K1 A10 Motor
Table 2.4: Baseline Servo Throws
Aileron
Up (High) 17mm Up (Low) 15mm
Down (High) 15mm Down (Low) 13mm
Elevator
Up (High) 17mm Up (Low) 14mm
Down (Low) 17mm Down (Low) 14mm
Rudder
Right (High) 38mm Right (Low) 28mm
Left (High) 38mm Left (Low) 28mm
Flaps
Mid 30mm – –
Full 60mm – –
Table 2.5: Cirrus SR22T Component specification baseline
Flight Controls




Power Distribution Smart-Fly PowerSystem Sport Plus 8 channels
Propulsion
Motor Hacker A60-7XS
ESC Phoenix Edge 120HV, 50V 120-Amp
Propeller APC 18 x 12E
Motor Safety Switch Emcotec SPS 70V 100/200A
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Chapter 3
Cyclotron Testbed Design and Setup
3.1 CAPA Wing Design
In order to integrate the CAPA system into the UAV flight test platform, a new wing system needed to
be designed and constructed for the demonstration. This wing integration effort required modifying and
simplifying the geometry of the baseline wing to better fit the actuators and to match the geometry of the
wind tunnel model [2]. As this wing is modified from the baseline aircraft, the flight characteristics of the
new wings need to be evaluated before construction, as drastic modifications can affect the overall stability
and flight characteristics of the aircraft requiring preliminary analysis before the design can be closed.
3.1.1 CAPA Wing Requirements
As mentioned previously, a new set of wings were designed and built so that the CAPA system can be
integrated into the Cirrus SR22T testbed. The first step towards designing the new wing set was to measure
the geometric characteristics for the baseline wing shown in figure 3.1 and in table 3.1. To maintain com-
monality with the S8036 wind tunnel model [2], the Fowler flaps along the span of the baseline wings were
be replaced with plain flaps. The flap chord ratio of the wind tunnel model is 25%, while the chord ratio
of wing is designed to be 30% to maintain commonality with the Cirrus SR22T wings. The shape of the
original wing planform was modified to simplify the construction process and the integration of the CAPA
system within the thickness constraints of the wings. These simplifications consisted of a constant chord and
airfoil along the span of the wing and utilizing the same chord ratio for the ailerons and flaps. Though these
modifications were used to simplify the build, it is also important to maintain a level of commonality with
the baseline wings so that the aircraft can be flown in a stable configuration. For this reason, the dihedral
and the span of both wings were kept the same to add lateral stability of the aircraft. Though the span
and dihedral of both wings are the same, the CAPA wing has more area than the baseline wing as seen in
figure 3.2. These differences required a additional stability analysis be conducted on the CAPA wing which
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is detailed in section 3.1.3. The dimensions of the wing are given in table 3.2 and the CAD model of the
wing is given figures 3.3 and 3.4.
With the planform of the wing designed, the interior layout of the wings needed to be determined for
accommodating the CAPA actuators. The S8036 wind tunnel model has four mounting locations along the
chord, located at x/c =.11, x/c =.30, x/c =.49, x/c =.64. The CAPA wing needed to be smaller than the
wind tunnel model and accommodate additional aircraft components, so not every mounting location was
replicated on the wing. The maximum thickness of the S8036 airfoil is 16% and it is located at x/c=.37,
meaning that the max thickness of the wing is 1.96in for a chord of 12.25in. The C2G actuator has a
thickness of 1.5in, which is too thick to install in the location x/c=.11, preventing that location from being
used. The location of the wing-tube is set by the manufacture to be x/c=.37, meaning the second placement
location of x/c=.30 also cannot be used, as there would be interference between the wing tube and the
leading-edge spar. With these constraints, the placement of the actuators limited to the x/c =.49 and x/c
=.64 mounting locations. The number of actuators that can be installed on the wing is limited by the weight
and volumetric constraints, as the servos and actuators cannot fit the same space. The baseline aircraft is
nominally 18lbs, as such, increasing the weight of the aircraft by a significant margin can compromise the
structural integrity of the testbed and increase stall/takeoff speeds. To prevent this issue, the weight limit of
the actuator system was allocated to 7 lbs, setting a goal weight of 25 lbs for the CAPA testbed. Preliminary
results with the bench top circuit showed that a maximum of three actuators can be installed on each of the
wings while satisfying the allocated weight limit. The three actuators will be placed side by side along the
span of the wing.
The spanwise placement of the three actuators was determined to be the inboard section of the wing
in front of the flaps. The inboard section of CAPA wings was chosen as the actuator mounting locations
because there is a higher spanwise lift load along that section, meaning the actuator effects would be more
apparent there. As three actuators cannot cover the flap span of the wing, the flap was split into two separate
sections along the span, consisting of an actuated and un-actuated section that are adjusted independently
using two individual servos. Splitting the flap into two separate control surfaces will provide more controlled
flight test results, as the influence of the actuators will be more apparent on the inboard flap region where
they are placed.
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Figure 3.1: Baseline wing

































Figure 3.2: Baseline and CAPA wing comparison
Figure 3.3: Top view of CAPA wing
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Figure 3.4: Isometric view of CAPA wing
3.1.2 CAPA Internal Layout
With the external layout of CAPA wing determined, the internal layout and structure of the wings was
developed based off recommendations from hobby guide books [50, 51], references from the RC community,
and the internal and external layout of the baseline wing. Fifteen ribs were used to form the structure of
the wing, which were laser cut from 3/32 in plywood and balsa. These ribs were spaced approximately 3in
apart from each other to provide enough spanwise space for the actuators and the servos. Ribs that were
located in areas of high stress along the span of the wings, such as the servo mounts, actuator mounts, and
the mounting holes for the wing tube were made out of plywood while the other ribs were made out of balsa
to reduce the weight of the wings. Lightening holes were also cut inside of each of the ribs to reduce weight
and to allow wiring of the servos, instrumentation, and CAPA system to run through the wing. All of the
ribs were oriented vertically, with the exception of the inboard ribs, which were rotated 4 degrees to provide
the wing dihedral as shown in figure 3.5.
Figure 3.5: Front view of rib layout
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The main spar structure of the wing consists of a double D-box structure and a carbon fiber sleeve to
mount the wing tube. The first D-box spar is placed along the quarter chord of the wing and it consists
of two square basswood dowels webbed together with 3/32in balsa spacers and ribs as shown in figure 3.6.
The second D-box is placed along 70% of the chord and it is constructed in a similar fashion to the first
spar, whereas instead of a 3/32in balsa spacer a 1/2in balsa block is used to create the web. The balsa
block is also used to mount the control surfaces to the wing using a set of epoxy reinforced barbed hinges.
Similarly to the baseline wings, the servos were installed on the bottom portion of the wings. These servos
were mounted on 3 individual plywood hatches that were attached to the ribs. Three more plywood hatches
were also attached to the top of the wing, which will be used to install the C2G actuators. The layout of
the control surfaces is similar to the wing, where a set of balsa ribs are attached to a rounded balsa block.
The internal structure of the wing and the control surfaces is shown in figure 3.7.
Figure 3.6: D-box leading edge spar structure
This internal layout of the wing was overlayed with 3/32in balsa sheeting on the upper and lower surface.
The reason 3/32in sheeting was chosen over the standard 1/16in sheeting was to increase the rigidity of the
wing and ease handling. As the curvature of the leading edge would crack the balsa sheeting, a solid piece
of balsa was attached to the leading edge. This balsa piece was rounded to the shape of the leading edge
and it also functions as an additional spar structure for the wing. The control surfaces are also sheeted with
a layer of balsa wood, though these were instead coated with 1/16in balsa, as they did not need to be as
strong as the wing.
Figure 3.7: Internal layout of wing top view
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3.1.3 AVL Analysis
Before the CAPA wing design was finalized and built, a stability analysis was conducted on the wing to
determine if the aircraft is still statically stable. Since the horizontal and vertical stabilizers are sized for
the baseline wings and will remain the same, it is important to determine if the aircraft can be safely flown
with these baseline components. The analysis was done using Athena Vortex Lattice (AVL) [52], which is
a program that uses a vortex lattice model to calculate the aerodynamic forces and moments of each lifting
surface on an aircraft configuration. Control surfaces can also be integrated and analyzed in an AVL model,
allowing the user to calculate the resultant loads and the overall effectiveness of a surface. AVL can also be
used to calculate the trim point for a design by coupling a control surface to an aircraft moment and using
a matrix inversion to calculate the deflection angle required to produce a zero moment. With the solver, the
elevator, aileron, and rudder deflection angles required to maintain static stability can be determined for the
CAPA wing.
Two AVL geometry files were created for the wing analysis, consisting of the CAPA and baseline wing.
Both models share the same empennage surfaces and each surface is positioned in the same location, while
the wings for the aircraft have different geometries. The location of elevators, rudder, and wing along with
their respective incidences were measured from the aircraft and are given in table 3.3. With this information,
the AVL geometry file for both the CAPA and baseline aircraft were created as shown in figure 3.8. With the
AVL geometry, the baseline weight of 18lbs, and the minimum C.G position of 2.813in from the leading of
the wing [37], the longitudinal stability characteristics of the both wings were evaluated. Since the reference
areas were different between the two wing configurations, the AVL results provided as coefficients and were
then dimensionalized using sea-level conditions, the aircraft geometry, and a cruise speed of 70mph, which is
the flight speed of the baseline aircraft [53]. The lift curves shown in figure 3.9 shows that the CAPA wing
will produce more lift than the baseline wing as a result of increased the wing area. AVL also showed that
for each angle of attack, the aircraft can be trimmed longitudinally with both wings configurations using
the elevators as shown in figure 3.10.
Table 3.3: Surface locations relative to wing leading edge
Surface Xloc (in) Yloc (in) Zloc (in) i (deg)
Wing 0 0 0 2
Horizontal Stabilzer 34.62 0 4 0
Vertical Stabilzers 34.62 0 0 0
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Figure 3.8: AVL geometry: (a) Baseline wing , (b) CAPA wing
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Figure 3.9: AVL lift curves















































Figure 3.10: AVL pitching characteristics: (a) pitching moment curves (b) elevator trim points
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The side force acting on the aircraft shown in figure 3.11 is approximately the same for both wings,
stemming from how the both wings have the same span and both aircraft share the same fuselage and
empennage cross-section, while the slight difference stems from the additional area of the CAPA wing. The
rolling characteristics of the aircraft given in figure 3.12 shows that a larger rolling moment is produced by
the CAPA testbed stemming from the increase in lift due to the area increase. Though the rolling moment is
higher for the CAPA wing, the ailerons can still be trimmed to counteract the rolling moment. The yawing
moments shown in figure 3.13 is similar for both aircraft, resulting in both configurations using similar trim
deflections for the rudder.





















Figure 3.11: AVL side force
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Figure 3.12: AVL rolling characteristics: (a) rolling moment curves (b) aileron trim points





































Figure 3.13: AVL yawing characteristics: (a) yaw moment curves (b) rudder trim points
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The AVL analysis showed that the CAPA wing was trimmable for all three axis of rotation with the new
ailerons and the baseline control surfaces on the empennage. The stability derivatives obtained from AVL
tabulated in table 3.4 also shows that the CAPA wings are stable for all three axis of rotation, as the sign of
each derivative corresponds to a stable configuration (positive for CNβ , negative for CMα and Clβ). As the
preliminary analysis showed that the aircraft can be trimmed and controlled along all three axis, the CAPA
wing was then constructed as detailed in section 3.2.
Table 3.4: Aircraft stability derivatives
Wing type CLα CMα CY β Clβ CNβ
CAPA 5.020 -1.042 -0.403 -0.118 0.154
Baseline 5.529 -1.419 -0.512 -0.092 0.202
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3.2 Wing Construction
The laser cut ribs, carbon fiber wing sleeve, and plywood mounts were assembled together using a set of
balsa spacers and a series of jigs to keep them aligned and straight. An additional jig was also used to angle
the first inboard rib 4 degrees which is used to add the dihedral. This setup was then glued together using
medium Cyanoacrylate (CA) as shown in figure 3.14. The leading edge blocks of the control surfaces and
the slots for each balsa rib were machined using a mill, which were assembled in a similar fashion to the
wings as shown in figure 3.15. The inboard section of the of the wing had two graphite rods attached to
the inboard ribs which was used to align the wing to the fuselage. After the ribs were assembled, a balsa
skin was prepared by soaking it with water to increase the flexibility of the wood. The wet balsa sheeting
was adhered to the top of the ribs using sandbags and wood glue as shown in figure 3.16. This process was
then repeated for the bottom surface of the ribs after the wood glue cured over 24 hours. Once the skin was
adhered to the wing and excess balsa sheeting was trimmed, a block of balsa was then glued to the leading
edge of the wing and was sanded using a template to create the leading-edge shape. This sheeting process
was also repeated on each of the control surfaces.
(a) (b)
Figure 3.14: Layout of ribs and internal structure: (a) Ribs with alignment jig, (b) Glued and assembled
structure




Figure 3.16: Balsa sheeting: (a) Sand bags, (b) Completed sheeting
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To increase the strength of the wings a layer of fiberglass was added to skin of the wing and the control
surfaces. The fiberglass coating consists of one layer of fiberglass that was adhered to the skins using a
laminating epoxy. The epoxy used for the wings is a two part resin-harderner made by West Systems [54]
with a resin to hardener ratio of 5 to 1. This epoxy resin was thinned using a 1 to 1 ratio of isopropyl
alcohol, allowing it to easily spread over the surface of the wings and be absorbed by the balsa sheeting.
This epoxy mixture was spread over the top surface of each of the wings and a layer of fiberglass sheeting
was adhered to the skin as shown in figure 3.17(a). The epoxy was left to harden for 24 hours, after which
the process was then repeated on the bottom surfaces of the wings. The control surfaces were sheeted using
the same epoxy-resin mixture and fiberglass sheeting as the wings, though the control surfaces were hung
vertically and both sides were coated in a single 24 hour period as shown in figure 3.17(b).
(a) (b)
Figure 3.17: Fiberglass sheeting: (a) Wings, (b) Control surfaces
Once the epoxy coating hardened, the rough surface of the glassed wings and control surfaces was
smoothed out. Typically a second coating of laminating epoxy is used to smooth out the surface of the
wing, though this process can add a significant amount of weight to the wings, is fairly labor intensive, and
produces a large amount of fiberglass dust which can be hazardous to breath. Instead an alternative method
was used to smooth out the surfaces using an automotive primer filler [55], which can be easily sprayed onto
the fiberglass surfaces, is lightweight, and requires less labor to sand than the epoxy resin. This primer filler
was sprayed onto the surface of the wings and control surfaces with multiple coatings as shown in figure 3.18.
This primer filler coating was then wet sanded with 300 and 600 grit sandpaper to smooth out the wing
surface and remove excess filler.
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(a) (b)
Figure 3.18: Primer filler coating: (a) Wing, (b) Control surfaces
The control surfaces were installed on the wings using barbed hinges that were epoxied into the trailing
edge balsa block in the same fashion outlined in Chapter 2.2. Once the control surfaces were installed,
rectangular slots were cut on the bottom portion of the wings for the servo hatches and landing gears using
a CNC mill as shown in figure 3.19(a). The servos were then installed onto a set of plywood mounts and they
were installed on the wings using the same installation method as the baseline aircraft. The servo horns for
each of the control surfaces were laser cut from garolite, which is stronger than the nylon hinges provided
on the the stock aircraft. The garolite hinges were also designed to be larger than the baseline hinges giving
each control surface more throw and increasing the servo resolution. The hinges were then epoxied into each
of the the control surfaces shown in figure 3.19. As a final touch, 3D printed wingtip fairings were added to
the wing to cover the gaps inside of the ribs as shown in figure 3.20.
(a) (b)
Figure 3.19: Servo setup: (a) Slot milling, (b) Control horn installation
38
(a) (b)
Figure 3.20: Wing tip fairings: (a) left wing, (b) right wing
3.3 CAPA Wing Setup
Once the wings were built, the servos were installed and the wiring was routed through the wings. The wings
were then attached to the fuselage of the Cirrus SR22T as shown in figure 3.21 to verify the installation. The
organization of the servo channels is given table 3.5, where this mapping differs from the baseline aircraft
shown in table 2.3, as 2 additional channels were used for the flap system. The radio system for the CAPA
aircraft also includes an additional channel that will be reserved for a relay switch that will be used to turn
the CAPA system on/off during a flight test. Once the hardware was installed in the aircraft, the weight of
the CAPA wings were measured to be approximately 2.56 lb each, which is 1 lb heavier than the baseline
wings which were measured to be 1.5 lbs each. The CAPA aircraft without any instrumentation weighs
21.6lb which is 2lb heavier than baseline which was 19.5lb as shown in table 3.6.
Figure 3.21: CAPA wing installation
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Table 3.5: CAPA radio mapping with power distribution board
Control Channel Channel Control
Right Elevator 6G 7F Left Elevator
SWITCH 5H 8E Rudder
Right Flap 2 4I 9D Left Flap 2
Right Flap 1 3J 10C Left Flap 1
Right Aileron 2K 11B Left Aileron
Landing Gear 1L 12A Motor
Table 3.6: Weight Comparison
Baseline CAPA
Fuselage+Hardware (lb) 15.2 15.2
Left Wing +Hardware (lb) 1.5 2.56
Right Wing+Hardware (lb) 1.52 2.54
Cowl (lb) 0.47 0.47
Propellor (lb) 0.22 0.22
Spinner (lb) 0.2 0.2
Carbon Fiber Spar (lb) 0.40 0.40
Weight Total (lb) 19.51 21.59
The aileron and flap throws were calibrated using the Futaba radio and an incidence measuring device.
As the CAPA wing planform differs from the baseline Cirrus SR22T wings, a new set of the throws were
needed to be determined for the control surfaces. The desired aileron deflection ranges were determined
using the AVL results, recommendations from RC pilots, and from Pieper et al. [39] The ailerons were
programed to have a maximum deflection angle of ±14 degrees and all the flaps were programed to have a
maximum deflection of 16 degrees shown in figure 3.22. The elevator deflections required to trim the CAPA
wing shown in figure 3.10(b) are less than the baseline Cirrus SR22T, meaning the same deflection range can
be used. The rudder trim points given in figure 3.13(b) shows that both aircraft use approximately the same
rudder deflections, meaning the same ranges can also be used. The deflections for all of the control surfaces
for CAPA testbed are given in table 3.7. A flight test of the aircraft (un-instrumented) was then conducted
on the aircraft to evaluate the flight characteristics of the new wings and to determine if any modification
were necessary before the test campaign can be conducted; this flight test is expanded upon in chapter 4.
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Figure 3.22: Measurement of control surface throws
Table 3.7: CAPA Servo Throws
Aileron
Up (High) 14deg Up (Low) 14deg
Down (High) 14deg Down (Low) 14deg
Elevator
Up (High) 17mm Up (Low) 14mm
Down (Low) 17mm Down (Low) 14mm
Rudder
Right (High) 38mm Right (Low) 28mm
Left (High) 38mm Left (Low) 28mm
Flaps
Mid 6deg – –
Full 16deg – –
3.4 CAPA Instrumentation
The aircraft is currently designed with a full avionics and instrumentation package to provide flight test
data. The first group of sensors are those built into the Navio2 Autopilot unit [56]. These include a
(global navigation satellite system) GNSS receiver and (global positioning system) GPS antenna, a high-
resolution barometer, and a set of accelerometers, gyroscopes, and magnetometers through the usage of two
on board IMUs. Noise is reduced on from the IMU through the usage of advanced extended Kalman filters
(EKF) applied by the PX4 software. An additional advantage of the board was a high-resolution barometer
that provided an altitude measurement within 10 cm, which can be compared against the GPS, IMU, and
proximity sensor data. As the Navio2 is not configured to read analog signals from the pitot probe and
infrared sensor, a separate data logger was used to measure those inputs. This was accomplished through
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the usage of a Arduino board [57] that was integrated with a 16 bit analog to digital data shield [58] that
was then connected to the Navio2 with a USB serial link. The data from both of the acquisition units was
logged on to a micro-SD card. A system level diagram of the data acquisition system is given in figure 3.26.
(a) (b)
Figure 3.23: Data acquisition system: (a) . Raspberry Pi 3 Model B with Navio2 Hat, (b) Arduino Uno
with 16 ADC bit data shield
A pitot static probe was used to measure the air speed during flight. The probe was mounted 26.5 inches
away from the fuselage out on the left wing and 4 inches in front of the leading edge such that it would read
airflow that is undisturbed by the propeller wake and fuselage. A hollow 1/4in alumninum tube that was
used to mount the probe was slotted into a drilled hole through the leading-edge balsa section of the wing
and was used to route the pressure tubes into the aileron servo box area. The pressure tubes were connected
to an All Sensors 20-CMH20 differential pressure transducer [59]. In order to provide measurements of
dynamic pressure, the static tube was connected to Port B and the freestream total pressure was connected
up to Port A. A schematic of the device and output wiring is provided below in figure 3.24. To determine
the takeoff location during the takeoff ground roll phase, a Sharp infrared proximity senor [60] is used. This
sensor outputs a voltage that is a function of the distance between the optical sensor and the ground as
shown in figure 3.25(a). The proximity sensor was mounted on the bottom of the aircraft cowling as shown
in figure 3.25(b).
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Figure 3.24: All Sensors 20-CMH20 pressure transducer schematics[59]
(a) (b)
Figure 3.25: Infrared proximity sensor: (a) calibration curves[60] (b) mounting location
Data were extracted from the microSD through the Raspberry Pi unit. This process consisted of logging
into the Raspberry Pi using the SSH File Transfer Protocol (sftp), after the log was turned off in the secure
shell (ssh), which also provides access to a wide range file transfer commands. Once in the main directory,
the Arduino files could be found by navigating to “dataLogger/dataFiles” and the PX4 files found navigating
to “rootfs/fs/microsd/log”. Once the appropriate files had been located, the “get” command was used to
copy the file to the current home directory on the computer used for accessing the system. The unit is




































































































































































The magnetic and electric fields generated by the C2G actuators and the transformers were a concern for
the UAV integration, as these fields generated by the transformers could interfere with the radio receiver
and potentially lead to a loss of control for the aircraft during flight testing. The fields generated by the
C2G actuator could also interfere with the PWM signals sent by the receiver though the servo wires in the
wing. As such, the radio, receiver, and the servos were tested with the CAPA system to identify potential
interference on the radio communications or the PWM signal sent between the radio receiver and the servos.
The CAPA system components were arranged in a configuration that simulates the installation on the UAV
shown in Figure 3.27(a), where the servo wires would be placed under the actuator and the transformers
and ZVS drivers would be in close proximity to the radio receiver. A PWM signal generator was then used
to adjust the position of the servo with the actuator running to see if any changes were produced in the
servo response. The test showed that the signal sent to the servos was not affected by the actuators, as the
PWM signals and their corresponding positions did not change as the setup was running.
(a) (b)
Figure 3.27: Benchmark servo test: (a) Servo wire placed under the actuator, (b) Radio receiver placed next
to transformer
The radio transmitter and the receiver were also tested with the actuator system to determine if the
electric fields generated by the transformers and ZVS drivers would interfere with the radio connection or
signals. The transformer was placed in proximity to the radio receiver shown in Figure 3.27(b) and the radio
was tested to see if it still remained connected to the receiver and if the servo commands were affected.
This test showed that running the transformers and ZVS drivers near the radio receiver did not affect the
servo movement or the radio connection. Additionally a range test was also conducted on the radio, where
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the maximum range of the radio was determined to be 570 ft, as shown in Figure 3.28. The radio was
then tested with the CAPA system running to determine if the receiver range was affected; this test showed
that the range and receiver signals did not change as the system was running. Though the CAPA circuit
does not appear to affect the radio hardware, the reciever should still be placed away from the circuit as a
precautionary measure.
Figure 3.28: Transmitter range test with actuators
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3.5.2 CAPA System Breakdown
Integrating the CAPA drive system into the Cirrus SR22T aircraft required a weight and battery breakdown.
The CAPA system requires a input voltage between 10-30V, as shown in figure 1.11, making a 6S battery
an ideal power supply. The battery also needs to be rated for current draw from the driver system, which is
3.9A for each actuator operating at 22V. To reduce the weight of the UAV and simplify the wiring process,
2 batteries will be used to power the CAPA drive circuits, resulting in a configuration where 1 battery is
used to power 3 CAPA circuits as shown in figure 3.29. Powering 3 batteries will require a current draw of
approximately 12A, when supplied with a 22V source. This battery also needs to have enough capacity to
power the CAPA system for a 30 seconds burst and needs to be powered on multiple times per flight. A list
of batteries that can be used to power the CAPA system and their performance data is given in table 3.8.
As the predicted flight time of the aircraft is approximately 18 minutes for the baseline configuration, 10
minutes can be allocated for testing the actuators, as the aircraft will need to maneuver in-between actuator
runs. As each actuator run is 30 seconds, the battery should be able to run the system 20 times per flight
test. From this analysis two 6S 2650 mAh batteries manufactured by Turnigy could be used to power the
system.
Figure 3.29: UAV CAPA System Layout [60]
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Table 3.8: CAPA Battery Pack data [60]
Brand Turnigy Turnigy Zippy Compact Turnigy Turnigy
Battery Capacity (mAh) 1300 1500 1800 2650 3600
C-Rating 65 65 40 20 30
Maximum Current Draw (A) 84.5 97.5 72 53 108
Battery Weight (lbs) 0.58 0.66 0.66 0.84 1.27
Number of runs (30s bursts) 13.3 15.35 18.42 27.11 36.83
The overall weight of the CAPA drive system will vary as the circuit design will go though multiple
revisions to decrease weight and increase the effectiveness of the system [61]. With this in mind, a weight
analysis of the CAPA circuit components discussed in Chapter 1.2 is conducted. Each component of the
CAPA circuit was weighed and the results are tabulated in table 3.9, showing that the system will weigh
7lbs when installed inside of the aircraft. With the CAPA drive system installed, the weight of the aircraft
will be 28.6lb, which is 10lb heavier than the baseline Cirrus SR22T aircraft. One future measure that can
be taken to reduce the weight of the CAPA system is to modify the size of the transformers and the batteries
which are among the heaviest components of the circuit. The aircraft can also be modified to accommodate
the extra weight by reinforcing the rear landing gears with an aluminum bracket [53], or by increasing the
size of the motor.
Table 3.9: Weight breakdown of CAPA system and Testbed
Component Number Component Mass (lb) Total weight (lb) Weight Percentage (%)
ZVS Modules 6 0.25 1.50 21.3%
Transformers 6 0.50 2.98 42.3%
Actuators 6 0.16 0.93 13.2%
Wires 12 0.02 0.19 2.7%
Mounts 6 0.02 0.13 1.9%
Battery 2 0.66 1.31 18.7%
CAPA System Total – – 7.04 –
CAPA Testbed – – 21.59 –
CAPA Testbed Total – – 28.63 –
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3.5.3 CAPA System Layout
Before the CAPA system can be integrated inside of the aircraft, the placement of each of the circuit
components needed to be determined. The placement of the C2G actuators were specified during the initial
design on the wing, as detailed in chapter 3.1.1. As the C2G actuators are mounted on the wings, the circuit
components such as the batteries, ZVS drivers, and the transformers need to be installed in the fuselage.
As the center of gravity of the aircraft can shift depending on the placement of these components, it is
important to make sure that the aircraft CG position is within a range of 2.82-3.19in behind the leading
edge of the wing. The volumetric and geometric constraints of the fuselage also needs to be taken into
consideration as well, as components such as the motor batteries, DAQ unit, and the radio receiver also
needs to be mounted inside of the fuselage. To help develop the actuator layout, a weighted CAD model of
the CAPA testbed was created by measuring the Cirrus SR22T geometry and by weighing each component
of the aircraft. This model was used to compute the position of the CG and the moment of inertia using a
specified reference point. The reference point of the coordinate system was defined using the leading edge
of the wing for longitudinal, and the tip of the propeller spinner for lateral and vertical.
Two component placement configurations can be used for the testbed, where the 6 ZVS drivers can be
placed underneath the power distribution board as shown in figure 3.30. The CG position of this configuration
is calculated to be 2.94in behind the leading edge of the wing, which falls within the range specified by the
manufacturer. The advantage of this configuration is that all of the flight hardware can be stored within
the fuselage without having to stack any of the components vertically and it leaves ample room for routing
wiring. Though this configuration has its advantages, it would require increasing the length wires connected
from the ZVS drivers to the transformers, which can lead to a voltage drop in the circuit. This layout would
also require the wires in the circuit to cross over one another, which can lead to issues as the electric fields
































Figure 3.32: CAPA testbed layout 2a: (a) Top view, (b) Internal view
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An alternative layout of the CAPA system is given in figure 3.32, where the ZVS drivers are stored
inside of a box containing 3 actuators each. This layout would simplify the wiring of the circuit as shown
in figure 3.34, though it will also occupy more space in the fuselage, as the power distribution board will
need to be placed under the ZVS boxes and the radio receiver will need to be placed behind the boxes.
Alternatively layout 2 can also be modified such that the power distribution board and the radio receiver
are placed on top of the boxes as shown in figure 3.33. The CG position for both of these configuration 2a
and 2b are given as 2.46in and 2.47in, respectively which are below the fore CG limit, which will make the
aircraft nose heavy. Though the CG position of these configurations are not within the bounds, ballast lead
weights can be added to the testbed to adjust the CG position and make it fall within the boundary.
Table 3.10: Aircraft CG positions
Baseline Cirrus SR22T CAPA Baseline Config. 1 Config. 2a Config. 2b
CGx(in) 2.82 2.82 2.94 2.46 2.47
CGy(in) 0.00 0.00 0.00 0.00 0.00

































4.1 Flight Test Authorization
All flight testing of the Cirrus was performed under the FAA’s Small UAS Rule (14 CFR part 107) which
permits the operation of sUAS weighing less than 55 lb at or below 400 feet above ground level (AGL) [62].
A detailed summary of the part 107 rules is given in Appendix A. The requirements for flying under part
107 included reporting requirements for all flight-testing events, implementation of strict safety guidelines
during the operation of the aircraft, definition of all emergency or lost link procedures and coordination
with all local airspace if necessary. Due to all test flights being performed at Academy of Model Aeronautics
(AMA) certified fields, most of these provisions were automatically satisfied.
4.2 Baseline Flight Test
An initial un-instrumented flight test of the Cirrus SR22T was conducted to evaluate the construction of the
aircraft and to test flight maneuvers such as takeoff ground roll and stall. The aircraft component placement
was adjusted using a CG measuring device, where components were arranged such that location of the CG
was 2.81in behind the leading edge of the wing. Once the CG placement was determined, the voltages of
the motor, radio, and servos batteries were measured, and they were plugged in. The radio and receiver
were then linked, and a pre-flight test was conducted on the aircraft. This test consisted of verifying that
the radio commands match the control surface outputs and that all components inside of the fuselage were
adhered properly using Velcro. The aircraft was then inspected by both the pilot for to verify the system
configuration or issues with the controls. A propeller test was conducted on the aircraft once the magnetic
safety switch was removed. This step involved holding down the aircraft behind the prop line and running
the motor at a low throttle setting to warm up the batteries and to verify the motor system was running
properly. The aircraft was then taxied onto the runway, where the aircraft was then ready for flight.
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Figure 4.1: Baseline Cirrus SR22T ground roll and takeoff
The first flight of the aircraft consisted a standard takeoff with a half flap setting where the pilot initiated
the rotation at a desired flight speed. Once airborne, the aircraft flew a racetrack path to evaluate its
maneuverability and to trim the control surfaces before landing. An additional set of flight test maneuvers
were then conducted on the baseline Cirrus SR22T, where zero, half, and full flaps were tested on the ground
roll phase. The ground roll test consisted of positioning the aircraft on the runway, applying full throttle,
and then rotating the aircraft once the pilot notices liftoff or if the ground roll phase extends past three
quarters of the runway length. Once airborne, the aircraft returns to land and the process is repeated for
a different flap setting. As the aircraft was not instrumented, a video recording was used to determine the
ground roll time of the aircraft for the various flap settings as shown in figure 4.1. The results from the initial
flight test showed that on average it would take approximately 30 seconds to transition the aircraft from
ground roll to liftoff, which was used to determine the power requirements for the CAPA system discussed
in chapter 3.5.
4.3 CAPA Flight Test
Once the new wing set was constructed the CAPA testbed was also flown un-instrumented and recorded
through video to verify the integrity of the build and evaluate the flight characteristics of the model. This
flight test had same set of pre-flight tests as the baseline flight test the addition of a wing tip test. The
wing tip test was used to determine if the aircraft could be lifted from the wing tips without damaging the
structure or bending it significantly. As the aircraft was able to handle the tip loading, it was deemed flight
worthy after additional inspections by the pilot and part-107 certified airman. As the CAPA configuration
was undergoing its first flight test with a modified set of wings, the flight test was conducted with greater
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caution than the baseline. The flight test consisted of a takeoff at with full flap deflections, where the aircraft
was rotated during the ground roll phase once the pilot reached a desired speed as shown in figure 4.2(a).
The CAPA testbed was flown in a racetrack formation and it was trimmed before a set of flight maneuvers
given in table 4.1 were relayed to the pilot.
The first set of flight maneuvers conducted were the idle descents, where the motor is powered off and
the aircraft is allowed to glide for zero, half, and full flap deflection. This maneuver can be used to evaluate
the effectiveness of the flaps in steady level flight as the lift to drag ratio (L/D) will change depending on
the flap configuration. Power off stalls were performed on the CAPA testbed once the idle descents were
completed. This stall maneuver consisted of powering off the motor and holding the elevators up until the
aircraft began to lose altitude and the nose pitched downward. Increasing the flap deflections on the CAPA
wings will decrease the stall speed and the increase the stall angle of attack. Once these maneuvers were
tested, the CAPA aircraft landed on the runway after flying for 5 minutes. The ground roll maneuvers were
not conducted for this initial flight test due to time constraints, though increasing the flap deflections is
expected to decrease the takeoff speed and the ground roll distance of the aircraft. As flight test results can
be affected by weather conditions and variations in the maneuvers conducted, it is important to repeat the
maneuvers to verify the test results.
Table 4.1: Flight test maneuvers
Maneuver Flight Configuration (flaps) Description
Ground Roll Clean Full throttle is used to takeoff aircraft.
Ground Roll Half Full throttle is used to takeoff aircraft.
Ground Roll Full Full throttle is used to takeoff aircraft.
Idle Descent/Glide Clean Trimmed decent using idle power
Idle Descent/Glide Half Trimmed decent using idle power
Idle Descent/Glide Full Trimmed decent using idle power
Power off Stall Clean Stall entry at wings level (1g): full elevator deflection
Power off Stall Half Stall entry at wings level (1g): full elevator deflection
Power off Stall Full Stall entry at wings level (1g): full elevator deflection
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(a) (b)
Figure 4.2: CAPA flight test: (a) takeoff, (b) landing
The initial flight test conducted on the CAPA testbed showed that it is a stable and controllable config-
uration. The flight speed of the CAPA testbed is lower than the baseline Cirrus SR22T as the additional
wing area of the CAPA testbed reduces the wing loading. This will improve the flight test data obtained
from testing as maneuvers can be performed more consistently at lower speed. The flaps deflections for the
inboard and outboard sections were the same for initial flight test as the main purpose of this test was famil-
iarize the pilot with the aircraft and evaluate the flight characteristics. As the inboard flap section is where
the actuators are installed, most of the flight test maneuvers detailed in table 4.1 will only be conducted
with inboard flaps. The outboard flaps will be reserved for landing and they be used for the ground roll test





A Hangar 9 Cirrus SR22T ARF UAV was modified to develop the CAPA testbed, which will function as a
flying technology demonstrator for the purpose of integrating and flight testing the CAPA system as part of
Phase II SBIR program. The steps taken to modify the baseline aircraft into a technology demonstrator were
developed by assessing the geometry of the aircraft, defining a weight limit, and by conducting a component
breakdown of the CAPA circuit. As the goal weight of the actuator system was set to be 7lbs and because the
fuselage had a limited amount of space to accommodate the CAPA drive system, the testbed was designed
to accommodate and test six C2G actuators. A new set of wings were designed and built for integrating
these actuators. This wing set included a set of mounts to install the actuators on the upper surface of the
wings and it also included a set of plain flaps which will be used to evaluate the effectiveness of the actuators
during flight testing. These wings were installed onto the fuselage of the Cirrus SR22T and flight tests were
conducted on the CAPA testbed with the new wings installed. The CAPA testbed was also developed with
an instrumentation package for inflight measurement of airspeed, GPS position, Euler angles, rotation rates
and a proximity sensor for ground roll analysis. Three different layouts of the actuator circuit inside of the
Cirrus aircraft were developed using a weighted CAD model. This model was used to determine the wiring
scheme needed to setup the circuit inside the aircraft and it was also used to determine whether the CG
placement of testbed falls within the manufacturer specifications.
5.2 Future Work
The development of the CAPA circuit is still an ongoing research effort, the integration and flight testing of
the system will be conducted once a finalized circuit design has been created. Once the finalized circuit is
developed, this circuit will then undergo additional modifications for final UAV integration. These modifi-
cations include the reducing the weight and size of the components by substituting alternative components
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and by reducing the configuration to bare essentials. The battery calculations for the CAPA circuit also
showed that all six of the actuators can be run on a single Li-Po battery as opposed to two, which can also
reduce the weight of the system. The relay switch used to switch on the CAPA system in flight will be
integrated once a finalized circuit is created, where either a COTS or a custom-made switch will be used
depending upon the current draw and power requirements of the final system.
As the development of the circuit takes place, the CAPA testbed will continue to undergo a series
of instrumented flight tests to develop a baseline data set which will be used to evaluate the technology
demonstration. This baseline data set will also include flight test data with a ballast weight equivalent to
the weight of the CAPA system, which will be used to evaluate any performance losses due to the additional
weight. Slots on the upper surface of the CAPA wings will be cut once the actuators are ready to be installed,
where they will be attached to a 3D printed mount and affixed to the plywood mounts installed in the wing.
The flight test maneuvers discussed in this thesis will also be updated as the further testing is conducted
and as weight is added to the aircraft.
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Appendix A Summary of Part 107
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FAA News 
Federal Aviation Administration, Washington, DC 20591 
_____________________________________________________________________ 
June 21, 2016 
SUMMARY OF SMALL UNMANNED AIRCRAFT RULE (PART 107) 
Operational Limitations • Unmanned aircraft must weigh less than 55 lbs. (25 kg).
• Visual line-of-sight (VLOS) only; the unmanned aircraft must
remain within VLOS of the remote pilot in command and the
person manipulating the flight controls of the small UAS.
Alternatively, the unmanned aircraft must remain within
VLOS of the visual observer.
• At all times the small unmanned aircraft must remain close
enough to the remote pilot in command and the person
manipulating the flight controls of the small UAS for those
people to be capable of seeing the aircraft with vision
unaided by any device other than corrective lenses.
• Small unmanned aircraft may not operate over any persons
not directly participating in the operation, not under a
covered structure, and not inside a covered stationary
vehicle.
• Daylight-only operations, or civil twilight (30 minutes before
official sunrise to 30 minutes after official sunset, local time)
with appropriate anti-collision lighting.
• Must yield right of way to other aircraft.
• May use visual observer (VO) but not required.
• First-person view camera cannot satisfy “see-and-avoid”
requirement but can be used as long as requirement is
satisfied in other ways.
• Maximum groundspeed of 100 mph (87 knots).
• Maximum altitude of 400 feet above ground level (AGL) or, if
higher than 400 feet AGL, remain within 400 feet of a
structure.
• Minimum weather visibility of 3 miles from control station.
• Operations in Class B, C, D and E airspace are allowed with
the required ATC permission.
• Operations in Class G airspace are allowed without ATC
permission.
• No person may act as a remote pilot in command or VO for
more than one unmanned aircraft operation at one time.
• No operations from a moving aircraft.
• No operations from a moving vehicle unless the operation is
over a sparsely populated area.
• No careless or reckless operations.
• No carriage of hazardous materials.
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• Requires preflight inspection by the remote pilot in
command.
• A person may not operate a small unmanned aircraft if he or
she knows or has reason to know of any physical or mental
condition that would interfere with the safe operation of a
small UAS.
• Foreign-registered small unmanned aircraft are allowed to
operate under part 107 if they satisfy the requirements of
part 375.
• External load operations are allowed if the object being
carried by the unmanned aircraft is securely attached and
does not adversely affect the flight characteristics or
controllability of the aircraft.
• Transportation of property for compensation or hire allowed
provided that-
o The aircraft, including its attached systems, payload and
cargo weigh less than 55 pounds total; 
o The flight is conducted within visual line of sight and not
from a moving vehicle or aircraft; and
o The flight occurs wholly within the bounds of a State and
does not involve transport between (1) Hawaii and
another place in Hawaii through airspace outside 
Hawaii; (2) the District of Columbia and another place 
in the District of Columbia; or (3) a territory or 
possession of the United States and another place in 
the same territory or possession. 
• Most of the restrictions discussed above are waivable if the
applicant demonstrates that his or her operation can safely
be conducted under the terms of a certificate of waiver.
Remote Pilot in Command 
Certification and 
Responsibilities 
• Establishes a remote pilot in command position.
• A person operating a small UAS must either hold a remote
pilot airman certificate with a small UAS rating or be under
the direct supervision of a person who does hold a remote
pilot certificate (remote pilot in command).
• To qualify for a remote pilot certificate, a person must:
o Demonstrate aeronautical knowledge by either:
 Passing an initial aeronautical knowledge test at
an FAA-approved knowledge testing center; or
 Hold a part 61 pilot certificate other than student
pilot, complete a flight review within the previous
24 months, and complete a small UAS online
training course provided by the FAA.
o Be vetted by the Transportation Security Administration.
o Be at least 16 years old.
• Part 61 pilot certificate holders may obtain a temporary
remote pilot certificate immediately upon submission of their
application for a permanent certificate. Other applicants will
obtain a temporary remote pilot certificate upon successful
completion of TSA security vetting. The FAA anticipates that
it will be able to issue a temporary remote pilot certificate
within 10 business days after receiving a completed remote
pilot certificate application.
• Until international standards are developed, foreign-
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certificated UAS pilots will be required to obtain an FAA-
issued remote pilot certificate with a small UAS rating. 
A remote pilot in command must: 
• Make available to the FAA, upon request, the small UAS for
inspection or testing, and any associated documents/records
required to be kept under the rule.
• Report to the FAA within 10 days of any operation that
results in at least serious injury, loss of consciousness, or
property damage of at least $500.
• Conduct a preflight inspection, to include specific aircraft
and control station systems checks, to ensure the small UAS
is in a condition for safe operation.
• Ensure that the small unmanned aircraft complies with the
existing registration requirements specified in
§ 91.203(a)(2).
A remote pilot in command may deviate from the requirements 
of this rule in response to an in-flight emergency. 
Aircraft Requirements • FAA airworthiness certification is not required. However, the
remote pilot in command must conduct a preflight check of
the small UAS to ensure that it is in a condition for safe
operation.
Model Aircraft • Part 107 does not apply to model aircraft that satisfy all of
the criteria specified in section 336 of Public Law 112-95.
• The rule codifies the FAA’s enforcement authority in part
101 by prohibiting model aircraft operators from endangering
the safety of the NAS.
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Revision 
Summary of Changes 
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Pre-Mishap Plan 
Department of Aerospace Engineering 
University of Illinois at Urbana-Champaign 
Urbana, IL 
Purpose: The purpose of this pre-mishap plan is to describe an established procedure to be used 
by personnel immediately following a mishap, including contact information and reporting 
information.  The Pilot in Command (PIC) is responsible for executing immediate action items. 
Checklist: For all mishaps, the following checklist can be used.  Pertinent contact information and 
forms can be found on subsequent pages: 
 Immediately clear the area and ensure safety of nearby personnel
 Notify EMS, law enforcement, and ATC as required
 Address all serious or life-threatening injuries to the best of your ability
 Notify research directors
 Check the UAS Data Sheet for potential hazards before investigating or recovering the
UAS
 If clear, install the aircraft safety switch and assess damage to the UAS
 If the UAS is damaged, document with photos
 Retain copies of all documents, such as flight logs, flight plans, and checklists
 If property is damaged, document with photos
 If University property is damaged, notify research directors
 If non-University property is damaged, notify owner or representative and obtain contact
information
 If possible, recover the UAS
 File reported mishap to FAA following procedure documented in 2016-CSA-27-COA
 In the case of injuries or property damage, notify the University Office of Risk
Management
 Forward documentation to research directors
Contact Information: 
Emergency: Dial 911 for police, fire, and medical emergency services 
Willard Airport FAA: (217) 355-4060 
NOTAM Flight Service Station: 1-877-487-6867 
Research Directors: 
Phillip J. Ansell 
Office: (217) 300-0949 




Hangar 9 Cirrus SR22T 30cc  
Wing Span: 96 inches 
Length: 40 inches 
Empty Weight: 25 lbs 
Maximum Gross Takeoff Weight: 38 lbs 
Maximum Speed: 80 mph 
Maximum Altitude: 400 ft 
Construction: Fiberglass, Plywood, Balsa 
Hazardous Materials: 
• Batteries: Standard Lithium-Polymer composition with (2) 4-cell batteries  (at  3.7V)  in 
series for a total 44.4 V and 12000 mAh
• Motors: Hacker A60-7XS Electric Brushless Motor with 18"x12" propeller
• Power Distribution Equipment: Smart-Fly Competition 12 Turbo Plus- redudant 
distribution of 2S LiPo battery power to control servos
• Radio Frequency Emitters: Futaba SG-14: 900 MHz
• 900 MHz Radio transmitter/receiver: 1 W power 
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Mishap Report Document: 
Date:__________________ Local Time:__________________ 
Name of Person Reporting Mishap:______________________________________________ 
Contact Phone Number:_________________________________ 
Pilot in Command (if different than person reporting):_________________________________ 
Visual Observer:_________________________________ 
Location of Mishap:______________________________________________________ 






Note any Injuries Sustained: 
______________________________________________________________________________ 
Note any Damage to Property: 
______________________________________________________________________________ 
Note any Damage to the UAS: 
______________________________________________________________________________ 
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Chronological Call/Event Log: 
Time Call/Event 
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